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Abstract

Etching of semiconductor materials is reliant on plasma properties. Quantities such as

ion and neutral fluxes, both in magnitude and in direction, are often determined by reactor

geometry (height, radius, position of the coils, etc.). In order to obtain accurate etching profiles,

one must also model the plasma as a whole to obtain local fluxes and distributions. We have

developed a set of three models that simulates C12 plasmas for etching of silicon, ion and neutral

trajectories in the plasma, and feature profile evolution. We have found that the location of the

peak in the ion densities in the reactor plays a major role in determining etching uniformity

across the wafer. For a stove top coil inductively coupled plasma (ICP), the ion density is peaked

at the top of the reactor. This leads to nearly uniform neutral and ion fluxes across the wafer. A

side coil configuration causes the ion density, as well as the ion fluxes, to peak near the

sidewalls, which leads to substantial variations in etch profiles from the central to near-edge

wafer regions. In addition, the ions bombard the wafer at a slight angle. This angle is sufficient

to cause skewed profiles, which is highly undesirable.
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I. Introduction

Theevolutionof etchingprofilesdueto plasmaprocessingconditionsis of continuing

concernin thesemiconductorindustry. It is critical to achieveananisotropicetchto achieve

straightwalls in trenches,especiallyaslinewidthsaredecreasingto 0.1gin. Processing

variables,suchasgaspressure,rf biasvoltage,andcoil power,controltheplasmaproperties

(speciesdensities,fluxes,electricfields,etc.). Differencesin processingconditions,aswell asin

reactorgeometries,havebeenobservedto havedramaticimpacton theresultingetchprofileson

thesubstrate.1'2Althoughsemi-analyticmodelscanestimateetchratesandspeciesfluxes to the

waferreasonablywell,3anyasymmetrythatmayarisedueto processingor geometryconcerns

will notbecaptured.In particular,etchprofile variationacrossthewafercannotberesolved

withoutcalculatingthedifferencesin ion andneutralfluxeswith respectto radiallocation.

In orderto demonstratetheeffectsof theplasmaonetchedfeatures,a featureprofile

evolutionmodelwouldhaveto alsoconsidertheplasmaproperties,suchasspeciesfluxes,

distributionswith respectto impactangleof specieslandingonthewafer,etc. We have

developedasuiteof modelsthatcouplesaplasmasimulationto afeatureprofile evolutionmodel

viaathird simulationwhichcalculatestrajectoriesof ionsandneutralspecieslandingon the

wafer. Theplasmasimulationcalculatesvariablessuchaselectricfields, speciesdensities,and

averagefluxes,whicharethenusedbytheParticle-in-Cell(PIC) simulation.The trajectoriesof

ions andneutralsareadvanced,generatingvelocity andangulardistributionsatspecified

locationson thewafer. The featureprofile simulationusesthenormalizeddistributionfunctions

to calculatethefluxesandetchrateatanygivenpoint on thetrench.

In thisstudy,weconsiderchlorineetchingof silicon,aschlorinegasmixturesare

frequentlyuseddueto fastetchrates.Thechlorineetchmechanismhasbeenstudied



extensively4'5'6andion enhancedetchyieldshavebeencalculatedandmeasured.7's'9One

observedphenomenathathappensismicrotrenching,orenhancedetchingin thetrenchcomers.

Microtrenching is thoughtto occurduetograzingionsimpactingthebowedsidewallsand

reflectingoff ontothetrenchbottomsashotneutrals,therebyincreasingtheetchrate in the

comers. However,microtrenchingis notgenerallyobservedin shallowtrenchesandoccursonly

duringthelaterportionof etchingfor highaspectratio features.1° For thesamplefeatures

consideredin this study,theaspectratiosaresufficientlysmallto neglectmicrotrenching.

]I. Descriptionof theModel

1. SemiconductorEquipmentModelingSoftware(SEMS)

Reactorscalemodelingis handledby theSemiconductorEquipmentModelingSoftware,

or SEMS. TheSEMScodehasbeendescribedelsewhere1_andwill briefly bedescribedbelow.

SEMSis 2-D in (r, z) and solves the appropriate fluid equations for all species using a finite

difference, implicit Gauss-Seidel line relaxation scheme. Mass balance equations are solved for

electrons, ions and neutrals, the energy balance equation for electrons, and Maxwell's equations

for power coupling. Also included for the species is a self-consistent effective binary diffusion

calculation. Bulk fluxes to the wafer are generated which are later used to normalize distribution

functions calculated by the PIC simulation.

2. Particle-in-Cell Neutral and Ion Computation (PICNIC)

Since SEMS is a fluid model, the quantities that are calculated are averages (moments of

the Boltzmann distribution function). However, the calculation of etch rates on the wafer

depends on the angular information of impacting species in two ways. First, the etch yield is
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dependentontheion's impactingangle.9'12Second,theview factor,or theallowablerangeof

anglesfor impactingspeciesinsideafeature,determinesthefluxesof speciesto a particular

point onthetrench.Therefore,bothvelocityandangulardistributionfunctionsfor species

landingon thewaferarerequired,but thesecannotbegeneratedusingSEMS. SEMS canonly

providequantitiessuchasaveragefluxesto thewafer,andnot angle-dependentfluxes to the

wafer. Hence,wehavedevelopeda separate,offline simulationto calculatethesenecessary

distributionfunctions. TheParticle-in-CellNeutralandIon Computation(PICNIC) calculates

neutralandion trajectoriesin theentireplasmareactorusingbulk plasmaquantitiesgeneratedby

SEMS(e.g.,speciesdensities,electrontemperature,electricfields).Although PICNIC is fully

3-D in bothvelocityandspace,particlemotionis restrictedto 2-D in (r, z) in the present study.

Restricting the motion of the particles ensures axisymmetric flow and therefore consistency with

the calculations of SEMS. PICNIC calculates ion and neutral trajectories in the following

manner. Particles are generated throughout the reactor according to electron-impact source rate

functions from SEMS. Particles are generated with an initial Maxwellian velocity distribution,

as there is no gas flow in the PICNIC calculation. Particle motion is tracked, assuming ions are

accelerated by electric fields (generated from SEMS) and that both ions and neutrals suffer

collisions. Electric fields are not computed self-consistently since electrons trajectories are not

followed. The heavy species collisions are handled using a null-coliision cross section method

with velocity-dependent cross sections (see Hwang and Kushnerl3). Both momentum transfer

and species altering collisions (e.g., charge exchange, neutralization reactions) are allowed to

occur. These collisions are treated differently from direction simulation Monte Carlo (DSMC),

in that the particles do not collide with other particles in the simulation. Rather, the particles

collide with a "fluid" back_ound (based on the densities derived from SEMS) in a particle-mesh
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fashion. Neutralsareallowedto collide atthewall andarereemittedasa newspecies(dueto

recombination)with aprobabilityof (1 - &), where& is thestickingcoefficient.All particles

retaintheir original velocitymagnitudesandarereemittedfrom acosineangulardistribution. C1

is assumedto haveastickingcoefficientof 0.1 in bothSEMSandPICNIC.14C12hasa sticking

coefficientof zero,but canbe removedfrom thesimulationin thereactorat a lossrate

determinedby theelectronimpactsource(loss)rate. Both C1andC12canform SiC1xon the

waferin PICNICandthusareremovedfrom thesimulation,asthesetracespeciesarenot

followed. Ionsareassumedto haveunity stickingcoefficientsat thewallsandthereforeare

removedfrom thesimulationoncetheyencountera wall. Becausethesheathsareassumedto be

thin in anICP (muchsmallerthanthemeanfreepath),PICNICassumesthat thesheathsare

collisionlessandthatall ionsgainenergydueto thesheathpotential. SEMScalculateselectric

fields up to thepresheathboundary,but not in thesheathitself. Thereforetheionsmustgainan

addi{ionalamountof energywhile falling throughthesheath.For ionslandingon thewafer,this

gainedenergyresultsin againof velocityin theaxial direction:15

_z=Teln_ M i t _ and

/2Tcrn _ ) , [1]

V_lg_ = 2_ [2]
VM ' '

where Te is the electron temperature, and Mi and me are the ion and electron masses, respectively.

The trajectories of ions in the plasma use electric fields generated by SEMS, ignoring the

acceleration due to the azimuthal component. Statistics of species are collected at specified

points on the wafer. Note that since the reactor is considered to be axisymmetric, all points at the

same radial position have the same distribution function. This approach is similar to that of
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HoekstraandKushner,16with thefollowing differences.PICNICcalculatesonedistribution

functionfor eachneutralandion speciesthatbombardthewaferateachspecifiedpoint basedon

impactingparticlevelocityandanglerelativeto thesurface.Thevelocity usedfor the

distributionfunctionis actuallytheparticle'svelocitymagnitude,or speed.Eachdistribution

functionatapoint is thus2-D in natureandis not theproductof two separatedistributions

(f@,0) vs. f@ ). f(O)). When collecting statistics at a particular point on the wafer, the

trench alignment is assumed to be in the (r, z) plane. These distribution functions that are

calculated are capable of capturing any angular asymmetry that may exist. However, this method

does increase the computation time. Collecting statistics for a 2-D resolved distribution function

requires on the order of 10,000 particles for 1000 iterations. The other difference in

methodology from that of Ref. 16 is that PICNIC does not calculate species densities but relies

upon values computed from SEMS.

3. Simulation of Profile Evolution using Level Sets (SPELS)

At a particular radial location on the wafer, the fluxes to the trench can be obtained using the

velocity and angular distribution functions from PICNIC. We have developed a feature profile

evolution simulation, SPELS, which has been described earlier. 17 The simulation approach has

also been validated with experimental data for etching of high aspect ratio features in silicon

using I-tBr 18. Here we will provide a brief summary of the approach we use to calculate trench

etching. SPELS uses a level set method to track the evolving surface.19 Therefore, a "flux" must

be calculated at each point in the 2-D (x, y) computational domain around the trench. The

directed velocity (of either ion or neutral)has the form Ivlcos(0 -_), where Iv[is the magnitude
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of thetotal velocity, 0 is the impacting angle from the normal, and _ is the angle of the surface

from the normal (see Fig. 1). The impacting angle is defined as

0= tan-i(Vr ]. [3]

 Vz)

Then the directed flux from the plasma to a point on the surface is

0 2 Vmax

Fplasma = f f v COS(0-_f).f_v,0)-v dv dO.

o L o

[4]

Note that Eq. 4 does not include re-emission fluxes from the trench surface. Both ion and neutral

fluxes are calculated according to Eq. 4 for each species. The net ion flux is summed over all ion

species (C1 + and C12+), and the neutral flux is calculated from the sum of the fluxes of C1 and C12.

Re-emission fluxes for neutrals are accomplished using a line-of-sight calculation along the

trench. Ion re-emission fluxes are ignored. Assuming that both molecular and atomic chlorine

passivate the surface of the substrate and the ions etch the silicon chlorides, the etch rate can be

obtained. We know that the chlorinated surface coverage at each point is 17

so0ro(x,y)
a(x,y): SnoFn(x,y)+YciFi(x,y), [5]

where Si10is the neutral sticking probability, and Ycl is the C1 removal yield. Both C1 and C12 are

assumed to have the same sticking coefficient. This sticking coefficient refers to C1 and C12

reacting with silicon and is different from the sticking coefficients mentio.ned in Section 11.2,
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whicharerecombinationprobabilitiesatthewall. Theoneexceptionis thesticking coefficient

(reactionprobability)of C1andC12with Siat thewaferlocationin PICNIC. TheetchrateER at

each point is then

1
ER :_" Ysi(_r., y)._'i(x, y)'ct,(x, y), [6]

Psi

where Psi is the mass density of Si and Ysi is the Si etch yield. According to Chang and Sawin 9,

the etch yield is assumed to scale as

where A is a constant, Eio. is the ion's impact energy, and Eth = 10 eV. Thus, for relatively low

sheath potentials of -20 eV, the etch yield is of order A. The angular dependence Y(0) is also

given in Ref. 9 and is used for these cases.

The level set equation is used to advance a higher order variable G(x, y, t), in which the

plasma-surface interface occurs at G(x, y, to) = 0, or the zero level set. On the interface, the etch

rate is equal to the opposite of the speed (S) of G. In the remaining (x, y) domain, G is updated

by solving the level set equation,

dG S VG O. [8]__ -.[.-
dt

Therefore, the trench movement is indirectly tracked as G is advanced. The simulation continues

for a user-specified time.

KI. Results and Discussion
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For thefollowing cases,theconditionsgivenbelowareassumedfor bothSEMS and

PICNIC. Thereactoris a standardICP 300mm etchtool. Althoughwedonot consideran

additionalrf biason thesubstrate,anappliedbiasis typicallyusedin orderto increasetheion

energyandthusincreasetheoverallyield andetchrate. Theincreasedbiashasotherbenefits,as

it will causetheionsto beacceleratedprimarily head-onto thewaferandthusreduceanyskew

in thepresheathfields.A largeappliedrf biasalsohasbeenshownto decreasemicrotrenching.1

However,low energyion-assistedetchdoesexist in therange20-50eV andwithout anappliedrf

bias,9'2°andhencethepresentsimulationsdo representpracticalcasesof interest.Futurestudies

will self-consistentlyincludetheeffectsof rf biasin SEMSaswell asin PICNIC.Two

configurations,with eitherastovetop or sidecoil, areconsidered.Bothreactorconfigurations

usechlorinegasat 10mTorr, 500W of ICPpower,andgastemperatureof 500K. Theelectron-

impactgascollisionsaregivenin Table1.21Theheavyparticlereactionsthatareconsideredin

PICNICaregivenin Table2.

Thedensitiesof C12+andC1+areshownfor thetwo coil configurationsin Figs.2 and3.

Thepeakion densitiesshouldoccurcloseto thecoils dueto thehigh amountof ionization. For

thestovetop coil case,both ion densitiesarepeakednearthetopof thereactorcloseto thecoils,

asshownin Fig. 2. Thepeakoccursmid-reactor,at aradial locationaround12to 14cm. Thus,

themaximumion flux to thewafershouldoccurat approximatelythis sameradiallocation

becausetheion velocitieswill nothavea strongradial dependence.ThemaximumC1+densityis

about1.6timesthatof themaximumdensityof Clz+ (6.1x 10l° cm3 vs.3.7x 10I° cm-3).For

thesidecoil case,againthe ion densitiespeaknearthecoil (seeFig. 3). Thepeaksof the ion

densitiesoccurcloseto thesidewalls at aradiallocationof approximately20cm. Again, one

wouldexpectmaximumion fluxes to thewaferatlargeradii, with decreasingion fluxesat



locationscloserto thereactor'saxisof symmetry.Thepeakion densitiesfor C1+andC12+are

comparableat about5.6× l0 I° cm-3.

Thebulk fluxes to thewaferfor neutralsandionscomputedby thereactormodelSEMS

for bothstovetopandsidecoil configurationsareshownin Fig. 4. Thefluxes for C1andC12are

relativelyuniformacrossthewaferfor bothconfigurations,asseenin Fig. 4(a). Thedominant

neutralis atomicchlorine,asC12is highlydissociatedin theplasma.Theion fluxes,however,

varysignificantlywith radialposition(seeFig. 4(b)). Forthestovetop coil case,theC1+flux

decreasesat outerradii, becausethepeakin theC1+densityoccursmid-radiusanddropsoff at

largerradii. AlthoughtheC12+flux remainsrelativelyconstantoverthewafer, its mag-nitudeis

approximatelyone-halfthatof C1+. Thetotal ion flux is still smallcomparedto thetotalneutral

flux (for bothcoil configurations),whichmeansthatetchingis accomplishedin the"ion starved"

regime,wheretheamountof ion flux dictatestheetchrate. Thereforeonewouldexpectthatthe

spatialnon-uniformityof theion flux would leadto loweretchratesat largerradii for thestove

topcoil case.However,theoppositescenariois truefor thesidecoil reactor. In thiscase,both

C1+andC12+fluxesincreasewith increasingradii dueto thepeakion densitiescloseto thecoils.

At 15cm, thetotal ion flux to thewafer(C1++ C12+)is higherfor thesidecoil casecompared

with thefluxesat -3 cm,dueto thehighionizationneartheoutercoils. This in turnwill leadto

higheretchratesatlargerradii.

Theambipolarelectricfields calculatedfrom SEMSareshownin Fig. 5. Note thatthese

are thefields in thepresheath;thefiguresdonot includethefields in thesheathfor clarity,asthe

sheathfields areordersof magnitudehigher. The electricfields arerelativelysmall in themiddle

of thereactorbut becomequitelargenearthewalls. In Fig. 5(a),theelectricfields abovethe

waferat smallradii (R < 10cm) arenearlyperpendicularandfairly uniform. However,dueto



thestovetop coil configuration,atlargerradii, theelectricfieldsarepointedtowardtheouter

walls. This leadsto ionsbeingacceleratedin thepresheathin the+8 direction. Overall,the

fields abovethewaferareuniform in thestovetopconfiguration,t--Iowever,asseenin Fig. 5(b),

thesidecoil reactorgenerateselectricfields whichareprimarily non-perpendicularto the

substrate.For R < 2 cm, the electric fields are nearly perpendicular, but become steeper in angle

for larger radii. The magnitude of the electric fields at larger radii are smaller, however, due to

the location of the coils on the outer wall. Since the field lines point toward the center of the

reactor above the wafer, ions are accelerated in the -0 direction.

Typical distribution functions of C12+ and C1 on the wafer at R = 7.32630 cm are shown in

Fig. 5. The distribution functions are calculated from PICNIC and are normalized from Eq. 4

from raw counts of particles as they land at specified locations. The distributions at different

radial locations across the wafer do not qualitatively vary in a significant fashion. The velocity

and angular distribution functions (VADF) are for the side coil case, although the VADFs for the

stove top coil case are qualitatively the same. The recorded velocity of the species when it hits

the wafer is actually the velocity magnitude, with the impacting angled defined as in Eq. 3. The

VADF for Clz +, as shown in Fig. 5(a), is very narrow in angular range. The ions gain energy in

the axial direction due to the electric field in the sheath. This increase in axial velocity is usually

far greater than the thermal ion speed, which leads to a tight distribution as the sheath is assumed

to be collisionless. The average impacting velocity corresponds to roughly 23 eV. In contrast,

the VADF for C1 in Fig. 5(b) covers a broad range of angles and represents an isotropic

distribution on the surface, or a cosine dependence on impacting angle. The VADF is broadened

by the momentum transfer collisions with C1 and C12. The VADF has the expected Maxwellian

dependence with velocity and a cosine distribution with angle. Because these cases do not
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considergasflow effects,thenumberof C12particlesgeneratedandcollectedon thewaferin

PICNICis smallandstatisticsarepoor. Hencefor input intoSPELS,weassumethat C12hasthe

samecosinedependenceasC1but is normalizedto thebulk fluxescalulatedin SEMS(shownin

Fig. 4).

Thevelocitydependenceof thedistributionfunctions(suchasthoseshownin Fig. 5) can

beeliminatedby integration.This resultingfunctionis thenet flux asafunction of impacting

angle,

yI(v,0).v2dv
,(0): do

[9]

The degree to which the distributionsf(v,O) are skewed can be determined by plotting g as a

function of angle. These integrated values of g are shown in Figs. 7 and 8. For the stove top coil

configuration in Fig. 7, both Cb + and C1+ ions impact the wafer at nearly head-on incidence at

almost all radii. However, at R = 14.8080 cm, the flux g(C1 +) sho;,vs a distinct shift to the

positive angle direction and is not centered at zero incidence. Although the amount of shift is

small (- 2.4°), the resulting etch profiles are sensitive to the ion distributions and wiil reflect this

skew. The increase in the flux of ions that are directed with 0 > 0 indicates that at these larger

radii, more ions have a directed velocity from the bulk plasma toward the outer wall. In other

words, as the ions strike the wafer, their energy is directed toward the sidewall due to

acceleration from the center of the plasma. This is due to the peak ion density being located mid-

reactor, and is reflected in the electric field vector plot shown in Fig. 5(a). The C1+ ions

demonstrate the same off-axis shift at large radii, as seen in Fig. 7(b). In contrast, the shift in

11



angularflux for thesidecoil caseOccursin the O < 0 direction, as shown in Fig. 8. This time,

ions are accelerated away from the sidewall and toward the center of the plasma, due to the ion

peak densities being located near the sidewalls. Again, the ambipolar electric fields above the

wafer show that the ions are accelerated in the -0 direction upon entering the sheath. The

distributions for both C1 and C12÷ are shifted by 3 to 5 °. One surprising aspect is that the ion

distributions are slightly less skewed at larger radii. This is because even though the electric

fields have steeper angles at larger radii, the field magnitudes are smaller, so that the ions gain

less angular energy in the presheath.

These calculated VADFs are then used to calculate the flux at each point in the trench in

SPELS. For the following profiles, we assume a normalizing length of L = 0.5 gm and a hard

mask thickness of 0.4 L. The trench opening is equivalent to L. The trench evolution is given for

every 0.1 of the total simulation time. All other conditions are equivalent to those given in Ref.

17. The profiles at different radial locations are shown in Figs. 9 and 10. For the stove top coil

case, all simulations are run for the same amount of time. This time corresponds to the amount

of time it takes to etch a depth of L, in open space at R = 7.3263 cm. All trenches are tapered in

shape, again indicating that the plasma is in the ion-starved regime. The fluxes of C1 and C12 are

high (-1017 cm -2 s -1) and are relatively constant with radius, as seen in Fig. 4. The flux of C12÷ is

also fairly constant over the wafer. However, the flux of C1÷ decreases with increasing radius,

leading to an overall decrease in etch depth versus radial location. The profile at R = 14.8080 cm

also has a slight slant to the right. This is consistent with the skew in the ion fluxes in the

positive 0 direction. With more ions directed toward the right (or 0 > 0), etching should increase

toward the right side. The difference in etched depth at the center of the trench at the outer

location is approximately 16% less than at 2.81780 cm.
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Theprofilesfrom thesidecoil reactorareshownin Fig. 10. As for thestovetop coil

cases,thesesimulationswererun for thetimeit takesto etchadepthof L at R = 7.3263 cm. The

plasma non-uniformities are reflected in the resulting profiles. Again, the profiles are tapered in

shape as were the profiles for the stove top coil case. All of the profiles have a slant toward the

left, which is due to the shift of the ion fluxes in the 0 < 0 direction. This shift is due to the peak

ion densities occurring near the sidewall coils, with the ions gaining directed energy in the -0

direction in the presheath. The ions are not accelerated perpendicularly, but at a slight angle to

the left, leading to increased etching at an angle. For the side coil cases, the neutral fluxes at

larger radii increase slightly, whereas the ion fluxes increase dramatically as shown in Fig. 4.

This increase in the ion flux leads to an overall increase in etch rate with increasing radius, which

is the opposite trend for the stove top coil case. The difference in the etched depths is 57% (R =

2.81780 vs. 14.8080 cm), which is far greater than for the stove top coil configuration. Clearly,

the plasma non-uniformities for fluxes and electric fields create dramatic differences in the

etched profiles across the wafer. These small shifts in the ion VADFs that cause a skew in the

etched profiles have been observed experimentally. For example, the features etched in pure

chlorine plasmas by Lane er aI., 22 as well as those of Bogart et al.,23 have the same qualitative

tilting. It is worth noting that the trenches depicted in these references have straight sidewalls

with no bowing, but both sidewalls are parallel and tilted, relative to the bottom plane.

IV. Concluding Remarks

A set of models, ranging from reactor-level to wafer-scale in domain size, was integrated

to simulate etching profile evolution. These models calculate the fluxes of neutrals and ions as a
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functionof velocityandangleimpactingthewafer. Our approachincludesacontinuumbased

plasmacodeandaPIC simulationto generatedistributionfunctions. A level setcode,SPELS,

calculatestheresultingprofilesbasedon thefluxesgeneratedfrom SEMSandPICNIC.

Althoughsuchdistributionswerecalculatedusingthesespecificsimulations,SPELSis astand-

alonecodethatcanusedatageneratedfrom othermodelsandcodes.In thepresentwork, we

haveusedthesesuiteof simulatorsto studyetchprofilesin chlorineetchingof silicon in

inductivelycoupledplasmareactors.Nospecificexperimentshavebeenmodeledascomplete

setsof experimentalconditionsalongwith detailedresultsarenot availablein the literature.

Nevertheless,wehaveconductedthis studyin thespirit of similar, model-onlystudiesof etching,

includingangulardistributioncalculationsandprofilesimulations.3'16'24'25'26'27'28'29

Themostinfluential aspecton theetchprofilesfor thesereactorgeometriesis the location

of thepeakof theion densities.Thelocationof thepeakaffectsthe total (bulk)flux of theions

to thesurfaceversusradial location,andalsocontrolstheamountof skew,if any,thatthe

impactingionshave. For thestovetopcoil configuration,thepeakoccursat mid-reactorand

causesa shift in theion distributionfunction. Although theamountof shift is small,theetchrate

is sensitiveto theangulardistributionandtheeffectis quite pronouncedatlargerradii. For the

sidecoil cases,thepeakin the ion densitiesoccursat outerradii, nearthecoils. Theion fluxes

arelessuniform acrossthewafer,andthedistributionshavea noticeableshift towardnegative

angles.The etchingprofilesall areslantedandthevariationsin theetchdeptharesignificantly

greaterthanfor thestovetop coil case.Thus,theuniformity of theentireplasmacanimpactthe

uniformity of theetchedprofiles. Suchgeometricconcernscandeterminetheamountof center-

to-edgedifferencesacrossthesubstrateandtheamountof skewin profilesat thewaferedge.
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Table1. Electronimpactreactionsusedin SEMS. Ratesaretakenfrom Ref. 21.

Reaction Type Rate(cm3/s)(Tein eV)

e+C12_ C12++e+e

e+C12 _CI+CI+e

e+C12 _Clz+e

e + C12_ C12+ e

e+C12_ C12 + e

e+C1 _ Cl+e

e+Cl_Cl+e

e+C1 _ Cl+e

e + C1 -) C1 + e

e + C1 -> C1 + e

e+Cl-* Cl+e

e+C1 _ C1++2e

e + C12 --) C1- + C1

e + C12+ _ C1 + C1

e + C1- _ C1 + 2e

Ionization

Dissociation

E. Exc. B3p

E. Exc. 21p and 21s

Vibrational

E. Exc. 4s

E. Exc. 4p

E. Exc. 3d

E. Exc. 5p

E. Exc. 4d

E. Exc. 5d

Ionization

Diss. attach.

2.12802 × 10 .8 re 0"771 exp(-11.7/Te)

3.99000 × 10 .8 Te°115 exp(-4.43/Te)

1.22999 × 10 -7 Te 11a exp(-4.3/Te)

9.4999 x 10 -9 Te°s61 exp(-9.0/Te)

3.1400 × 10 .8 Te TM exp(-1.35/Te)

1.2700 × 10 .8 exp(-lO.97/Te)

4.7900 ×

1.9900 x

9.3200 ×

9.2000 x

5.2000 x

2.9600 ×

1.0000 x

9.6793 x

2.9455 x

10 .8 exp(-10.29/G)

10 .8 exp(-10.06/Te)

10 -9 exp(-11.06/Te)

10 -9 exp(-11.15/T_)

10 -9 exp(-11.12/T_)

10 -a re 0'554 exp(- 13.1/T_)

10-1o

10 -8 Te -°'61 exp(1.82 x lO-6/Te)

10 -s T_°_s exp(-3.8/G)
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Table 2. Estimated heavy particle reactions used in PICNIC.

Reaction k (cm3/s) Cyo(cm 2)

C1- + C1+ _ CI + C1

C1- + C12+ _ C] + C12

C1 + C1 + M --) C12 + M

C1+ + C12 _ C1 + C12+

C1+ + C1 _ C1 + C1+

C1- + C1 _ C1 + CI-

C12+ + C12 -'_ CI2 + C12+

5.00 × 10 .8

5.00 × 10 .8

6.74 x 10 -32 (cm6/s)

1.00 × 10 -15

1.00 × 10 -15

1.00 × 10 -15

4.40 × 10 -15

t7



Figure Captions

Fig. 1. The etching geometry is a two dimensional rectangular trench in silicon with a hard mask

layer. Ions and neutrals impact the substrate at an angle 0 with respect to the vertical. Particles

landing with 0 < 0 have an angle "to the left", and those with 0 > 0 land "to the right." The

normal to the interface or level set at each point is denoted by fi, and its angle with respect to the

vertical is defined as _.

Fig. 2. Ion density contours for C12÷ and C1÷ in a stove top coil ICP as computed by the fluid

model. Peaks for both ion densities occur mid-reactor and close to the coils.

Fig. 3. Ion density contours for C12÷ and C1+ in a side coil ICP. Peaks occur near the sidewalls,

and both densities are comparable in scale.

Fig. 4. Fluxes from the plasma to the wafer as a function of radial location for stove top and side

coil cases. Fluxes are calculated from SEMS. (a) C1 and C12, and (b) C1÷ and C12÷.

Fig. 5. Electric field vectors for (a) stove top and (b) side coil reactors. Electric fields in the

presheath are more uniform above the wafer for the stove top configuration, whereas the fields in

the side coil reactor have sharp angles (but louver mag-nitudes) at larger radii.

Fig. 6. Velocity and angular distribution functions (VADFs) for (a) C12+ and (b) C1, at R =

7.32630 cm in a side coil iCP. ion distributions are tightly centered, whereas the neutral

distributions are broad and have a cosine dependence indicating isotropy.

Fig. 7. Integrated ion fluxes as a function of impact angle, stove top coil configuration.

,,lteg, au_l_ g over O yields the net flux. Integrated fluxes for (a) C!2 + and (b) C1 ÷. Note the shift

toward positive angles for R = 14.8080 cm.

Fig. 8. Integrated ion fluxes as a function of impact angle, side coil configuration. Fluxes shown

are for (a) C12÷ and (b) C1÷. All fluxes are peaked at negative angles, ranging from 3-5 ° off

center.
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Fig. 9. Etchingprofilesfor thestovetopcoil configurationatdifferentradial locations.

Locationsareat (a)2.81780cm, (b) 7.32630cm,and(c) 14.8080cm. Theskewedprofile in (c)

reflectstheshift in the ion angularfluxesshownin Fig. 7.

Fig. 10. Etchingprofiles for thesidecoil configurationat (a)2.81780cm, (b) 7.32630cm,and

(c) 14.8080cm. All threeprofiles areskewedtowardtheleft, which is dueto theshift in the ion

angularfluxestowardnegativeangles.
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